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ExecuBummary

Energy storage integration into the Ue&ctrical transmissiogrid has been gathering momentum,
especiallywith the increasingenetratiorof power generated lngnewableesourcesSeveral states

have storage procurement targets to deal withrity of issues such as afternoon ramping requirements,
frequency regulation/contralitility grid supportand time shifting of renewable energgnerationin

this work, we investigatedhétechnical attributes of energy storage to provide benefits to stdieso
comprised of multiple utilities and their customéerke work wagunded jointly by the Washington

Clean Energy Fund (CEF) and the U.S. Department of Energy Office of Electricity Delivery and Energy
Reliability (DOEOE).

Motivation for this W ork

As part of Washington CEF 1, 4 8@ million grid modernization grant was awardedhe Snohomish
Public Utility District (SnoPUD) to purchase and evaluate a Flow Battery Energy Storage System
(FBESS) named thglodular Energy Storagarchitecture(MESA) 2 by SnoPUD Thegrant supported
exploration ofenergy storage applications and associated benefitisefdollowingusecases

1 Energy Shifting
9 Provide Grid Flexibility

9 Improve Distribution Systems Efficiency

These useases or serges were identified as applicable MESA 2 and were defined based on utility
and sitespecific characteristicRecausdlow battery energy storage syste(RBESS are quite diverse
in their characteristics, it was important to first characterize pa#dnceover time using a DOBE
standardized baseline test procedure for energy starbgeDOEOE proceduréncludesrepresentative
generic duty cycle profiles, test procedure guidance, and calculation guidance for detekay®RBESS
characteristicsincludingenergy capacityresponse time, internal resistanaad efficiencyNormalizing
FBESS performance to this standardized baseline also facilitates evaluation of FBESS against other
electrechemistries evaluated for similar usases.After conductingbaseline test evaluate the
FBES® s gener al ,we tesied th&EBESSfoii the threeceaergy storagesecases listedbove.
During testing, we collected daimevaluate kefFBESSperformance metrics relative to the wsses
Outcomes of these analyses will be benefitignoPUD in terms of understanding how to operate
MESA 2 but will also be beneficial to industry in terms of enhancing our understanding of the
performance of FBESSs.

Summary of Work Performed

This repot documents the results of our studytleé technical performance of tBe2 MW, 8 MWh
MESA 2advanced vanadiufFBESS consistingof four 0.55MW, 2-MWh strings System performance
wasbased on a number of baseline andagse testsThe FBESSis located at th&noPUDowned
substation located iBverett, Washington. THEBESSwas procured by SnoPUD with matching funds
providedby the Washingto@EF.

Baseline tests were intended to assess the general technical capabilityRBES8f&e.g., stoed energy
capacity, ramp rate performance, ability to track varying charge/discharge commands, direcf@Girent
battery internal resistancetc). Usecase tests wendilized to examine th&BESSperformance while
engaged in specifigrid services (e.g., arbitrage, power factor correc@r). The project measured



and/or calculatedgrameters that are important for understan&BgSSperformance when subjected to
actual field operation for ackwing economic benefitsuch asoundtrip efficiency (RTE} with and

without rest, with and without auxiliary loads, auxiliary power consumption, signal command tracking,
temperaturérends during operatigiparasitic power lossnaccounted by auxiliatpadduring restand

state of charge (SOC) excursioWge used recorded test results to analijizs¢ baseline and usase
parametersBecausehe assessment methodolagyuld bethe samethe results and lessons preserited
this report also could be beficially applied taanyassessient of FBESS based orechnical

specifications and/dield deployment resultd.he performance assessment methodology developed and
used for this report generalizes to additional FBESS chemistries.

Key Questions Addressed

We based or analysis oFFBESSperformancen metrics developedsingthe DOEOE Energy Storage
Performance Protocol and additional metrics identified in this project. In combination, these general and
projectspecific metrics allowed structuregtaluation of questions that are key éiftimately determining

the cost effectiveness BBESS used for grid energy storageplications

The following questions were addressed:

1. How does thé&-BESSperform during baseline and usase testing fovariousduty cycles? For
example, what is the RTE of tRBESS

2. How does thé&-BESSperform for high ramp rate duty cycles@r example, what is the FBESS
response time and ramp rate?

What percent of timavasthe FBESSnot available?
What are some of the issueemtified in this project that are not very obvious?

Key Outcomes

TheMESA 2 FBESSwas subjected to reference performarests (RPT,)includingmeasurements of
energy capacity atarious rates of charge and dischaad#lity to track volatile signalsnternal
resistance, and response time/ramp rete.RPTs conducted before tsese testing are referred to as
baseline testm this report.

In addition, dity cycles were developed for variousassego be performedor this project andFBESS
usecaseperformance watested anénalyzed accordinglylhe followingsectionssummariz key
outcomes for both baseline and usese performance testing.

Outcome 1

Outcomel revealed findings related to discharge capacityRifH. The FBESSSOC was allowetb go
ashigh as théattery management systewould allow, while the discharge time was estimated to ensure
the entire constant power region was included.

1. Discharge energy varied ndinearly with SOC due to the sloping negwfthe open circuit voltage
as f(SOCland coupled mass transpé&itetics related losses at low SOC

1 The RTE is simply the ratio of discharge energy to charge energy, ensuring the FBESS SOC is brought back to the
initial state of charge.



2. The energy providediasnormalized forfour stringsbecausall four strings were rarely available at
one time.

Discharge Energy Capacity
Therange of discharge energy capacity for all RPTs anat€s ranged fror@435 to 6345 kwh.

RPTswere done at various discharge rates at a fixed charge rate ck\W2809d at various charge rates at
a fixed discharge rate of 1150 kWhe range of dischargmergy capacity for all tested cycltsconstant
discharge powesnd Grates ranged frorB080to 5545kWh. The discharge energy capacity did not
change muclasthe charge power was varied.

Round -Trip Efficiency

Inclusive of all loss sources, the rangdRof E @vish and without auxiliary consumptiofr all tests
performed wa83 to75%.

For baselingeference performance capacity teR$E was 54 to 63, increasing to 68 to o when
auxiliary consumption was excludels expectedhe gain in RTEvhenauxiliary consumptiorwas
excludedwas greater at lower power levelfie RTE for baseline reference performance frequency
regulation test was in the 48 to 52% range, increasib§ to 60% when auxiliary consumption was
excluded.

The RTE varied from 33 to S84for the various useasesThe ligh rest percemtgesand low power

levels lowered the RTBecaus@uxiliary consumptiomnvasa higher perceageof total charge and
dischargeenergy Excluding auxiliary consumptiomhe RTE increaseds power decreaséol ~300kW
average power, below whithe power conversionystem PC9 efficiency droppedthusloweringthe
RTE. As expectedthe increase in RTE when auxiliary consumpticas excludegeakedvhenpower
levelswerelow andrest periodsverehigh. The DCDC RTE peaked at lower power levels compared to
thealternating curren(AC)-AC RTE becausd’CS efficiencydeclinessignificantly at low power levels

for the latter

Figure ESL shows charge/discharge enegand RTE results fronthebaseline tests
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Figure ES.1. BaselinePerformance Test for Energy Capadgit€harge, Discharge Energgnd RTE at
Various Power Levels

The RTE for volatile signals such fagquencyregulationwas in the 48 to 32 range at an average power

of 1,200 kW for RPT, whileheregulationservices RE wasaround50% at an average power of

450kW. The low power levels used foegulationservices compared to RPT ledttee SOC remaining

above 600, contributing to higher RTE, balanced by higher auxiliary and PCS losses at lower power level
contributingto lower RTE. Figure ES.2 shows tlrequencyregulation duty cycle fothe baselinetess.
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The charge, discharge enemyyd RTE is shown in Figure ES@ the Reference Performance Test.
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Outcome 2 rportsfindings related to response time and internal resistance.

Response Time

The response time of thRBESSranged fron to 4 seconds for the range of test cycles performed.

Theresponse time of tHEBESShardware wag& to 4 seconds, corresponding to ramp rates @625

50%of rated power per seconthis included a communication lagof second and a hardware lag of

<1 secondNote that onlytwo drings were active during this test.

FBESS Internal Resistance

TheFBESScharge and discharge resistance, corrected for four strings, was in a tight range of 0.04 to
0.05 ohms in the SOC range investigated, with the outlier being 0.1 ohn% &A@ during charge.
This also corresponds to a leamp rate of 500 kW/s, possilihgcause thbattery management system

Vii

restricedramp rates due to higher resistance at low $®@Be insitu resistance for all strings
(normalized tahe fourstring value) is showto bein line with the results for the RP In general, the

charge and discharge resistance increase slightiyn theSOCis less tha®0%. Overall, there is no

trendwith increasing test duration.



Outcome 3
Outcome3 reports findings on system availability.

Using the power available tdigom the system, thaggregate availability of tHeBESSover the test
period(defined as when the available power was-pero)was 746. However,55% of the test days were
lost for various reasons, so this agrstates system availability

The total tesduration wad 73days, out of whiclr8 days(45%) were losffor various reasong:ifty days
(29%) of the test duratiowas lostdue tostring-related issueswhichinclude stack SOC mismatch, stack
leak and PCS disconneoh. While PCSdisconnections arguably an independent issue, for these tests,
PCSdisconnectionsnainly weredue tostring-related issues. For example, leakage of electrolyte
compromised PCS electronics feiring1. Pumprelated issues contributed to 10 lost days%roéthe
test durationMiscdlaneous, communications, maintenareoed humarnnterventionissuescontributedo

7, 6, 3and 2 daysrespectively, or 4, 3,,2nd 26. Note thastring-related issues contributed@d% of

the 78 days lodollowed bypumprelated issueat 13% of thelost days.Details are shown in
FigureES.3.There were a total of 38 work stogees, out of whiclstring-related stoppagesccounted for
63%, which isin line with the contribution towardie percenageof days lostlt is important to note that
PNNL was unable to complete the entire test program because the EBESB&nced operatnal failure
and was taken offline.
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Figure ES.3. Contribution toLostTime fromVariousCategories

Outcome 4

Outcome 4ncludesfindings for issues that surfacddringtesting that were outside of specific structured
objectiveg(e.g, testing to measure and report RJ.E

Issues identified during testing that wamstherobviousnor necessarily anticipated leading up to testing
aredescribedn detail in AppendixA and briefly described below

1. The data tag list provided byw8UD had severaluplicatetags

viii



Auxiliary power consumption was not monitored because this tag was not part of the MESA tag list

for FBESYSunSpec2017).Auxiliary consumption for each string orrfthe FBESS cannot be

determined separately. It was calculated by the difference between feeder meter power and the sum of
all four PCS power levels. This difference also includesveae transformer losses that were not

available.

Power distribution amonsfrings depended on the deviatiortiod 4ring SOC fronthe FBESSSOC.
It is hypothesized that discharge povgelimited primarilyby gring minimum SOCand charge
poweris limited primarily bystring maximum SOC.

. Available power did not reliably decrease whestri;mg dropped out during dischargéhe available
power was reduced by 550 kW (asteng) only whenthestring SOCreachedzeroor whena
subsequet charge commandasissued and thgring could notaccep charge

During discharge and charge, available power simply dependid namber of active strings.
Duringrest, whera string wasubjecedto pulse charge to maintain its SOC above a critical level,
the available power decreaday the amount correspding to the pulse charge.

Charging was endothermic, widdecreasén temperatur@ccurringduring chargng.

. Auxiliary energy consumptioimcreased with increasing temperature and was less for charge
compared to discharge at the same power levels. @wirgy chargng is endothermicthis is a
surprising outcome. A possible explanation is thlaénchardng, the electrolyte flow rate per unit
power is higher.

Thermal managemengbnsisted of cooling loablased ompositivedeviation from a sgtoint of 35°C
for extended operation or 409€ eachstring
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1.0 I ntroducti on

Pacific Northwest National Laboratory (PNNL) was chosen to provide analytical support under-the Use
Case Analysis Project. Thproject is designed facilitate efforts to integrate flow batieenergy storage
systems EBESS into the electricagirid by providing a framework for evaluating the technical and

financial benefits of the energy storage system (ESS) and exploringd¢lra energy storage in

delivering value to utilities and the citizens they serve. This framework and the tools used to implement it
will evaluate a number of usmses as applied to energy storage projects deployed by the participating
utilities underthe Clean Energy Fun@CEP Program. The methodologies that emerge from this project

for evaluating multiple storage benefits, and the detailed operational results fronopgligtionof

energy storage, will have broad national relevance and applicability. There are three main components
related to usease testing and evaition, as outlined ifrigurel.

Technical
Performance
Analysis

Economic
Evaluation

Support

Use Case Analysis Project

Figure 1. Main Components of the Us8ase Analysis Project

This report documents baseline and-case technical performance of Beohomish Public Utility
District (SnoPUD) ModularEnergy Storage Architecture IESA 2) FBESS based on the framework
and approaches defined by PNNL in the test plan report, and ldsaomsdduring execution of the
project The technical support provided by PNNL included:

1. Develop protocols and duty cgs to test the ability of tHeEBESSto safely and effectively be used
for the progases.t 6s tested use

2. ldentify performance metrics (e.g., ramp rate, rotnijl efficiency[RTE], internal resistance) to be
evaluated.

3. Analyzetest results against a predefined set of performance metrics to determine the effectiveness of
storage for each usmse.

4. Conduct laseline testing ursg cycles intended to quantify bastBESScharacteristicincluding
powerandenergy capacities, rampte/response time ammternal resistancdreference
performanceests(RPT)f or t h i BBEPSused severél dusy cycles defined and described in
theU.S. Department of EnergipOE) EnergyStorageProtocol and were performed at the beginning
of theproject paseline tesjsBecause oftring failure, the RP$could not be repeated after use
case testing.

5. This project designed and tested thusecasesTheseusecasesombined several energy storage
applications as follow

1 UseCase I Energyshifting consists oknergy arbitrage and system capacity.

1 UsecCase 2 Providinggrid flexibility consists of regulation, load following, and reabrld
flexibility.



1 UseCase 3 Outagemanagement of critical loads, consistd/olt/V AR control with local
and/or remote informatioandload shaping.

I UseCase 7@ Optimalutilization of theFBESSacross Us&€ases through3. This usecase
could not be conducted as testing was stopped dsigrtg failure.

Theseusecasesvere selected from the fulesbeing evaluated across several @&ttery energy
storageprojects(including FBESS and other technologigh ad.i-ion batterie. Information in
Tablel describeghe full range ofisecasesinder investigation anthe ones thadre relevant to this
project.

Table 1. UseCases foCEF Projects

Use Case and application as described in PNNL Avista | PSE Sno- |Sno- |Sno-

Catalog MESA1 | MESA2Z | Controls
Integration

UC1: Energy Shifting

Energy shifting from peak to off-peak on a daily basis Y Y Y Y

System capacity to meet adequacy requirements Y Y Y Y

UC2: Provide Grid Flexibility

Regulation services ¥ Y y*

Load following services ¥ Y y*

Real-world flexibility operation Y Y ¥*

UC3: Improving Distribution Systems Efficiency

Vaolt/Var control with local and/or remote Y Y Y

information

Load-shaping service Y Y Y Y

Deferment of distribution system upgrade Y Y

UC4: Outage Management of Critical Loads i

UC5: Enhanced Voltage Control

Vaolt/Var control with local and/or remote Y

information and during enhanced CVR events
UC6: Grid-connected and islanded micro-grid

operations
Black Start operation Y
Micro-grid operation while grid-connected ¥
Micro-grid operation in islanded mode ¥
UC7: Optimal Utilization of Energy Storage Y it Y
This project developed¢h composi te cycle profil es FBHSESforithes e d

choserusecasescenarios. The duty cycles and associated test results are described and discussed in the
body of the report.

As the baseline and usase tests were condudfd®’NNL analyzed test results against a predefined set of
performance metrics such as ramp rR{EE, andinternal resistance to determine the effectiveness of
storage for each usmse.

Understanding the technical features and limitations is esserdigravides much of the input data used
to perform the economic evaluation of the-uases to which a FBESS is subjected. Therefore, technical
information on the MESA 2 FBESS is provided in the following section.

t

he



20 MESABattery

21 BattEemgrgy Storage System Layout

Thep r o j 22aViW0 &MWh vanadium redo¥BESSconsists of four strings, each rated at (WB&
and 2 MWh(seeFigure?2). Vanadium redoxs the safesthemistry used in batteri¢SnoPUD Undated
The stack consists of ondysmallpercenageof thetotal electrolyte contefESA 2019) Hence short
circuit conditions do not result in thermal runaway. &hsunt ofhydrochloric and sulfuric acideeded
is less than 1%, which isa factor of 3 lower than thated inlead acid batterie§ach battery container
has three 5@W stacks connected Beries.

Figure 2. MESA 22-MW, 8-MWh FBESS

Each string consists @ive containers, withour batterycontainers housing the stacks and electrayie
the fifth container housing th@wer conversion syste(RCS and associated controls. The strings are
connected in parallel at the PCS level to the grid.

The arrangement of theur strings isalsoshown inFigure3. Each string is labeleBBESS1, -2, -3, and
-4, Each string is connected to ttieect currentDC) side of the bidirectional power inverter by a DC
disconnect switch rated at 1000It (V) DC and 1200amperesA) and a motorized DC circuit breaker
rated at 1000 V DC and 200 A.Each strings connected to the 15\AC grid via bolted pressure
switchesrated at l500A and aCooper Power 750 kVA 15,000YP83Y transformer TiX (X=1-4).

Note that for this project, the overcurrent protection function ofatbleed pressure switch@ssnot used.








































































































































































